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Abstract
In this master thesis, transport pathways of pollution are investigated for Zeppelin
station on Svalbard (78.9◦ N, 11.9◦ E), and Pallas station in northern Finland (67.58◦
N, 24.05◦ E).
Using a cluster analysis of 5 day back trajectories it is analyzed how anthropogenic
pollution affect the measurements at the two clean air sites. In a joint analysis of
data of carbon monoxide, ozone and aerosols from both stations, further light will
be shed on common features and differences in source regions and pathways to the
Arctic and the sub-Arctic.
Seasonal and annual variations are investigated with regard to changes in concen-
tration levels of the three components.
Abnormalities in concentration, connected to transport from certain origins, are seen
for both station for all species. Common source regions for pollution transported to
both stations found in the Europe and eastern Europe.
Comparing the two station, the largest differences are seen for aerosol concentra-
tions. The distance to anthropogenic pollution sources plays a more important role
for short lived particles than for long lived trace gases such as ozone and carbon
monoxide. Analysis of the size distribution and clusteranalysis show that during
wintertime, particles can origin from low latitudes and reach the high Arctic. The
dry and stable arctic atmosphere enhance particle growth and particles measured
at Zeppelin station during wintertime are generally larger that particles at Pallas.
Measurements at Zeppelin station in summertime are associated with concentration
levels uninfluenced by anthropogenic aerosol sources from the continent, whereas
Pallas is exposed to aerosol pollution during the whole year.
Carbon monoxide concentrations and their seasonal variation are quite similar at
both stations and the distance to anthropogenic sources is not as important as for
aerosols. Only slightly higher concentrations are found at Pallas station during the
summertime.
Concentration levels of ozone show distinct differences at Zeppelin and Pallas sta-
tion. Pallas is more affected by anthropogenic ozone emissions during spring and
summer, whereas Zeppelin station shows higher accumulation of ozone concentra-
tions during autumn and winter. Low removal rates lead to accumulation of ozone
concentration Arctic troposphere in wintertime. Addionally the Arctic is affected
by ozone transport from regions which are more exposed to ozone intrusion from the
stratosphere. Trajectory analysis show that the Arctic actually is a possible ozone
source region during wintertime for Pallas.
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11 Introduction and Theory
1.1 Background
The remote Arctic was for long believed to be a clean environment. Wide-spread
atmospheric haze was observed in the 1950s. 20 years later it was realized that this
haze originate from air pollution emissions in the middle latitudes [Barrie, 1986].
There has been a lot of research investigating pollution transport into the Arctic
and climatic consequences. Most pollution transport occur during winter and spring,
but influences from transported air pollution is seen in lower concentration also in
summertime [Law and Stohl, 2007]. Local pollution sources in the Arctic are known
to be small and the major transport source for the observed pollution is northern
Eurasia.
Concentrations of a range of species have been measured at the Zeppelin station
in the European Arctic for 1-2 decades. Several studies have resulted from these
measurements, mostly based on time series of individual components or at best
limited selections of components. At Pallas station, which is located in the European
sub-Arctic, similar measurements have been arranged since 1991. A joint study of
the same species at Pallas station and Zeppelin station will be done in this thesis to
shed further light on transport pathways of pollution into the Arctic.
Meteorological data will be used in the study of the pathways by the use of
trajectories. Cluster analysis of trajectories will be performed for overall systematic
investigations of transport. In addition, simple statistical measures of individual
time series, relationships between various components and between time series at
the two stations will be established. A main focus will be on aerosols, contributing
e.g. to the Arctic haze, carbon monoxide (CO) and ozone (O3). As the main aim is
to study transport of these species into the Arctic.
In a comparison of the two stations, the impact of anthropogenic emission on the
measurements in the Arctic and sub-Arctic will be analyzed. Seasonal variations
in pollution concentration and transport patterns are investigated together with
atmospheric chemistry in the Arctic.
Not only seasonal variations for pollution transport are observed, annualy variability
of transport pattern has in earlier studies [Eckhardt et al., 2003] been connected to
changes in the Arctic- and North Atlatic Oscillation index. For wintertime this
annualy transport variability has been observed and is compared to changes in the
oscillation indexes in this study.
Sub-Arctic and Arctic pollution of ozone, carbon monoxide and aerosols differ
in transport pattern and concentration levels compared to continental levels. These
variations are caused by different sink- and source regions and mechanisms, as well
as properties of the species, such as the atmospheric lifetime. An introduction to
transport into the Arctic, the different components and the most important chemical
reaction is given in this chapter.
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1.2 Transport
Figure 1.2.1: Global atmospheric transport pathways for summertime (red) and
wintertime (blue), source: Monitoring and Programme [2002]
Pollution transport into the Arctic varies a lot within the seasons, as well as
annually. The potential temperature is a key factor when considering the ability of
air masses to reach the Arctic [Barrie and Hoff, 1985]. Temperatures are low at the
poles and increase with distance. Air masses from places with a high potential tem-
perature have to be cooled before they can travel further towards the pole. Snow
covered land masses allow a diabetic cooling of air [A.Stohl, 2006], otherwise the
cooling of the atmosphere usually is very slow and it can be assumed that pollution
found in the Arctic is transported from places with potential temperatures close to
the ones in the Arctic.
The Polar front is a good indicator of where the air masses in the Arctic can originate
from. Front systems are separating air masses with different temperatures. From
the Polar front and northwards arctic air masses are building a dome with a barrier
for air masses from lower latitude to travel northward called the Polar dome. If air
masses from further south than the Polar front travel towards north they usually
ascend. Therefore it is possible to find pollution originating from sources in Asia
and North America in high latitudes in the Arctic [Barrie, 1986].
At ground level pollution can be assumed to originate from Eurasia, in some
cases as far as 40◦ south (on average in January, A.Stohl [2006]), depending on the
position of the Polar front. The position of the front can be described by the Arctic
Oscillation index. A positive AO is associated with polar front located further south
than on average, stronger cyclonic movements and higher wind speeds (Monitoring
and Programme [2002]).
Figure (1.2.2) shows the different transport patterns in summer and winter time
and the changes in transport pattern with high and low AO indexes. As stated in
the AMAP assessment 2002 and shown in Figure (1.2.1) three transport pathways
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are characteristic during wintertime. Transport from south over the Norwegian
Sea (40%), over Eastern Europe/Siberia (15%), and over the Bering Sea (25%),
together these three pathways account for about 80% of the annual south-to-north
air transport [Iversen, 1996]. A positive AO index during wintertime increases
cyclonic movements and enhances transport polewards. Air flows from the Atlantic
Ocean and south Europe are forced into the Norwegian sea and then continue to
the Arctic. In summertime the south-north transport is much less pronounced than
in wintertime. Low pressure systems over the oceans are weaker and only 20% of
all airmass transport to the Arctic occurs during summertime[Iversen, 1996]. The
air masses reaching the Arctic in summertime are transported from the Norwegian
Sea, Siberia or the Bering Strait. The transport is slightly higher during a positive
AO index.
Low AO values are often associated with trends in the 60s and 70s, this trend
changes to high values in the 90s. The North Atlantic Oscillation (NAO) decribes the
normalized gradient in sea-level air pressure between Iceland and the Azores is close
related to the AO, they correlates strongly (85-95%) with each other (Monitoring
and Programme [2002]).
The AO for 2003- 2006 the years focused on in this study are shown in
figure (1.2.3).
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Figure 1.2.2: Atmospheric transport pathways to the Arctic during summer and
winter, high and low Arctic Oscillation index, source: Monitoring and Programme
[2002]
1.3 Components
1.3.1 Aerosols
Atmospheric aerosols, small solid or liquid particles have different anthropogenic and
natural sources [jac], such as condensation of gases and wind action on the Earth’s
surface. Figure (1.3.1) is a good illustration of the growth cycle of an aerosol. As
shown in the figure aerosols can originate from nucleation of precursor gases. The
condensation of these gases can lead to the formation of new particles or in conditions
of a low super saturation of the gas often to a condensation onto existing particles.
With the help of condensation of other gases onto the particle or coagulation of two
particles they can grow to reach a size big enough to serve as a cloud condensation
nuclei. A CCN is a particle that water vapor condenses onto and forms droplets and
later on cloud droplets. Scavenging of particles with rain out of the cloud is then
possible. Evaporating clouds on the other side can release particles again.
Larger particles (more then 1 mm in radius) are usually emitted by mechanical
action of the wind on the earth surface. These mainly coarse particles can serve
directly as CNN. Dry deposition can be a another sink for heavy particles.
Oceans are one of the most important sources of large particles mainly sea salt.
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Figure 1.2.3: Arctic Oscilation Index for 2003- 2006, data source:
http://www.cpc.ncep.noaa.gov
Figure 1.3.1: Production, growth, and removal of atmospheric aerosols, source:[jac]
Soil dust and vegetation debris can be transferred to the atmosphere due to wind
and atmospheric turbulence and anthropogenic emissions can also include direct
emission of large particles.
In most cases anthropogenic sources stand for emission of precursor gases [wal].
Due to its low vapor pressure solutions of sulfuric acid (H2SO4) are one of the most
important precursor gases and are produced from the oxidation of sulfur dioxide
(SO2) emitted most often from fossil fuel burning. Natural sources exist for SOs,
for example volcanos. For other gases, such as NH3, HNO3 and organic compounds
it is now easier to condensate onto the sulfate particles and the composition of
the particles can be changed. Organic carbon represents a major fraction of the
fine aerosol (Figure (1.3.2)), and is contributed mainly by condensation of large
hydrocarbons of biogenic and anthropogenic origin. Smoke from forest fires can
inject small smoke particles and fly ash directly into the air.
The transport of aerosols by airflow can be of global scale. The limiting factoris
the residence time of the aerosol, while giant particles have a residence time of
minutes to hours, fine aerosols can be in the atmosphere for days to weeks. Due to
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Figure 1.3.2: Typical composition of fine continental aerosol. Adapted from
Heintzenberg, J., Tellus, 41B, 149-160, 1989 (source:[jac])
the large distance to their sources typical aerosols which can be found in the Arctic
originate from gas to particle conversation.
Atmospheric aerosols have a significant impact on earth heat balance and can
influence changes in global climate directly through radiative forcing and indirectly
through their effect on cloud properties.
A good example of significant radiative forcing is shown in studies of the
phenomena called Arctic haze (Berrie 1985 and Heintzenberg 1994). Pollution
plumes transported by synoptic-scale patterns are reaching the Arctic during stable
atmospheric conditions mainly during December- April. These plumes of aerosol
layers are characterized by high scatter coefficiency and a high particle number
concentration (YAMANOUCHI et al. [2005]). Arctic haze events observed in Ny-
Ålesund can originate from fossil fuel combustion in northern Europe but are most
likely caused by biomass burning in North Siberia [A.Stohl, 2006].
Indirectly the aerosols can influence the water budget and the radiation serving as
CNN and changing the cloud properties of the atmosphere. Especially aerosols in
the dry polar region are known to play an important role serving as CCN which
most likely lead to a warming of climate (TREFFEISEN et al. [2004]).
1.3.2 Ozone
Ozone (O3) is a toxic gas to humans and vegetation because it oxidizes biological
tissue. High concentrations of O3 observed since the 1950 are explained by high
emissions of NO
x
and hydrocarbons due to photochemical reactions. As seen in
Table (1.3.1) O3 in the troposphere is mainly produced by chemical reactions, for
70 percent of this production stands the oxidation of carbon monoxide(CO) by
OH which produces OH2 with the presence of NOx. For 20 percent of the chemical
production the same reaction cycle is started by the oxidation cycle of hydrocarbons.
Therefore rapid O3 production can occur in densely populated regions with high
emissions of NO
x
and hydrocarbons. Before it was believed that the primary
source of tropospheric O3 was the stratosphere, since 90 percent of O3 in the earth
atmosphere is found there. It has now been recognized that only a small percentage
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Table 1.3.1: O3 sources and sink, source: jac
of the O3 originate from the stratosphere and transported by descending air [wal],
[jac].
Since the chemical production of ozone in the troposphere is almost balanced
by chemical loss the transport from the stratosphere can be of high importance.
The Table (1.3.1) describes global sinks and sources and parameters can varry with
region.
As a precursor of OH tropospheric ozone is of beneficial nature and plays an
important role in controlling the oxidation capacity of the troposphere as explained
in Chapter 1.5. The ozone produced in densely populated regions can be transported
in the free troposphere along with global circulation pattern. Transport to the
stratosphere is negligible. Ozone i showing clear variation though the seasons
especially in middle latitudes with a spring maximum and a autumn minimum.
During summer high ozone concentration are measured over industrialized regions.
Due to its complex atmospheric formation and destruction ozone concentrations
vary widely in in geografical and temporal scale(Helmig et al. [2007]). Lowest
concentration are measured over the oceans.
The O3 concentrations which are measured in polar regions fall in between maritime
and industrial regions. This relatively high ozone values are due to weak ozone sinks
in the Arctic. Low water vapor concentration and low levels of solar radiation leads
to long atmospheric lifetime of O3 in the Arctic (Liu and Ridley [1999]). Surface
deposition gets more important.
The transport from the stratosphere in the arctic region is slow (A.Stohl [2006]),
but due to weak ozone sinks in the Arctic this transport can get very important.
Since the preindustrial era concentrations have been increasing globally. As stated
in Helmig et al. [2007] O3 concentrations are increasing during the last decade in the
Arctic but these increases are not of statistically significant. The highest increases
are measured during winter month at Zeppelin station, while it has been slightly
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Table 1.3.2: Carbon monoxide sources and sinks, source: jac
decreasing in summer month.
The production maximum is found in early April, these high production rates
leading to maximum ozone values during this time of the year can be changed
by ozone depletion events which occur in springtime as well when the sun returns
(Solberg et al. [1996]).
1.3.3 Carbon monoxide
Table (1.3.2) shows the sources of carbon monoxide (CO). Both chemical production
by oxidation of CH4 or hydrocarbons and direct emissions due to biomass burning
and fossil fuel combustion are important sources. Ocean and vegetation only stands
for a minor source of CO.
The CO concentration is mainly terminated by OH , since oxidation with OH is
the main sink for CO. This is the reason for the pronounced seasonal cycle, CO
accumulates during a wintertime and low OH concentrations where as rapid ox-
idation occurs in springtime as described in Equations (3) in Chapter (1.4). In
this way it also determines the production and destruction of Ozone (Chapter
1.4). Largest CO emissions due to biomass burning are measured in South Amer-
ica and Africa, whereas the largest anthropogenic sources are found in Asia as
well as Europe and North America (Figure (1.3.3)). The emissions vary during
the seasons and highest anthropogenic emissions of CO are found in wintertime
(http://www.aero.jussieu.fr). The opposite occurs for biomass burning and linked
to this beoreal forest fires which occur most frequently in summertime.
Transport of CO follows the same mechanism as for all trace gases described for
ozone in chapter 1.3.
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Figure 1.3.3: Anropogenic carbon monoxide emission sources for December 2000,
source: http://www.aero.jussieu.fr
1.4 Chemical cycles
Reactions in the atmosphere can lead to the formation and removal of species. To
understand the concentration levels which are measured in Ny-Ålesund and Pallas
it it important to understand some of the main chemical cycles for the pollution
components in focus.
The chemical lifetime of lower stratospheric ozone is several years, that makes
ozone transport to the troposphere possible. O3 is an important component
for maintaining the oxidizing power in the troposphere since it is necessary for
OH production. OH radicals are the key factor for terminating CO and CH4
concentration levels. The supply of O3 from the stratosphere is not sufficient
enough to maintain tropospheric OH and additional sources to the O3 transport
from the stratosphere are needed to stop CO, CH4, HCFCs and other gases from
accumulating to very high levels in the troposphere, with catastrophic environmental
implications ([jac]). An important factor for the chemical O3 production is the
presence of trace levels of NO
x
(NO
x
,NO + NO2) originating from fossil fuel
combustion,biomass burning, lightning and soils.
With CO, NO
x
and HO
x
present two catalytic wheels accelerate the O3 production
as shown in Figure (1.4.1).
O3 in the troposphere is the main percursor of OH which is produced by reaction
of water vapor with O(1D) as shown in Equation 1 - 2.
O3 + hv → O2 +O(
1D) (1)
O(1D) +H2O → 2OH (2)
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Figure 1.4.1: O3 production, source: jac
CO can now be oxidize by OH ,this reaction produces the H atom which reacts
rapidly with O2.The first catalyticle wheel marked with number 2 in Figure (1.4.1)
is started.
CO +OH → (+O2)CO2 +HO2 (3)
HO2 on its side is reacting with NO and recycles NO back to NO2 and catalyzes
the reaction described in Equation (4).
HO2 +NO → OH +NO2 (4)
The produces NO2 from Equation (4) and sunlight (hv) are regenerating NO
and produces O3. This (Equation (5)) shows that NOx are playing an important role
on in maintaining O3 and OH concentration in the troposphere during summertime
and sunlight.
NO2 + hv → (O2)NO +O3 (5)
In the similar way to the oxidation mechanism of CO, CH4 and hydrocarbons can
lead to a rapid loss of OH radicals.
When there is no sunlight, during wintertime or cloudy conditions the an
environment plenty full of NO
x
and now sunlight may lead to a chemical removal
of O3 (Harris 2003) by the following reactions
NO +O3 → NO2 +O2 (6)
NO2 +O3 → NO3 +O2 (7)
NO2 +NO3 → N2O5 (8)
In a clean environment without NOx the reaction chain would show a completely
different result.
CO +OH → (+O2)CO2 +HO2 (9)
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HO2 +O3 → OH + 2O2 (10)
net : CO +O3 → CO2 +O2 (11)
OH and HO2 catalysts in loss of O3 in the troposphere in clean environments
(low NO
x
) instead of catalyzing the production of O3 when high NO concentration
are present.
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2 Data and Method
Measurements from two stations have been used, one located in the Arctic (Zeppelin
station, Svalbard) and one located in the Subarctic (Pallas Station, northern
Finland). Both stations are monitoring atmospheric concentration of a broad range
of atmospheric pollutants. The trace gases O3 and CO, and aerosols are focused
on in this study. All three species are measured at both station during almost the
whole period from 2003- 2006.
2.1 Zeppelin
The atmospheric monitoring station on Zeppelin Mountain close to Ny-Ålesund was
officially opened in 1990 and is part of the ’Ny-Ålesund International Arctic Research
and Monitoring Facility’. A new building at the Zeppelin station was established in
2000 to satisfy needs for advanced scientific measurements in a better way, featuring
improved telecommunication facilities, remotely controlled instruments and more
space for new programmes.
The station contributes to a number of global, regional and national monitoring
networks [http://www.nilu.no/niluweb/services/zeppelin/].
Zeppelin Station is a perfect site for atmospheric monitoring in the undisturbed Arc-
tic environment at 78.51◦ North . Little local contamination from the settlement is
influencing measurements due to its location above the inversion layer, 474 m a.s.l.
The Norwegian Polar Research Institute built the Station but nowadays the Nor-
wegian Institute for Atmospheric Research (NILU) has the main responsibility for
measurements performed at the Station. The Meteorological Institute, Stockholm
University (MISU) is measuring continuously at Zeppelin. NILU provided ozone
and carbon monoxide data for this study and MISU provided the aerosol data.
At Sverdrup station in Ny-Ålesund, close to Zeppelin station, additional measure-
ments such as solar radiation are operated by the Norwegian Polar Research Insti-
tute.
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Component Instrument Measured parameter Time resolution
(used in this thesis)
Aerosol Condensation Measures the Hourly
number Particle integral averages
concentration Counter (CPC) aerosol for January
number 2003 to
density(>10nm) December 2005
Aerosol Differential Contains Hourly
size Mobility two instruments averages
distribution Particle Sizer (DMPS) a CPC and DMA, for January
the DMA finds 2003 to
sizedistribution December 2005
in 16 classes between
20 and 630 nm
in diameter
Ozone Ozone Measuring Hourly
analyser air concentration averages
of in situ for January
ozone 2003 to
December 2006
Carbon CO Gas Measuring Two hourly
monoxide Chromatograph (COGC) measurements
the amount for January
of in situ 2003 to
CO February 2006
Sunhours Eppley Normal Calculated from Hourly
(Sverdrup Incidence Pyrheliometer direct radiation averages for
station) data 2003-2006
Table 2.1.1: Instrumentation, Zeppelin Station
2.1.1 Instrumentation
The instruments used at Zeppelin station to measure the trace gases CO and
O3, particle concentration and size distribution are listed in Table (2.1.1). The
instrument type, the measured parameter and the time resolution used in this thesis
are described. Sun-hours are calculated from direct radiation data, measured at
Sverdrup station in Ny-Ålesund.
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2.2 Pallas
The site of Pallas is characterized by the absence of local and regional pollution
sources. There are four small stations in this area with a main station,
Sammaltunturi station (67,58◦N, 24,05◦E). The Finish Meteorological Institute is
the operating institution.
Sammaltunturi station is one of the Global Atmosphere Watch stations and is
located in the Pallas-Ounastunturi National Park on top of a fjeld. The elevation is
565 meter above sea level. In about 10 percent of all days the station is covered by
clouds at least during some time of the day, due to this elevation. The tree line is
about 100 meters below the station [Hatakka et al., 2003].
In the sub arctic region a three and a half week long polar night in winter and a
seven week polar day in summer are usual. Snow cover of the ground lasts from
middle of October to late May.
The closest pollution sources to Pallas are smelter in Nikel and Montshegorsk in
Russia, with a distance of 350 km northeast and east to Pallas, respectively. For
this study all data from Pallas station is provided by the Finish Meteorological
Institute.
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Component Instrument Measuring technique Time series
Aerosol Condensation Measures the Hourly
number Particle integral averages
concentration Counter(CPC, aerosol for January
TSI 3010) number 2003 to
density(>10nm) December 2006
Aerosol Differential Contains Hourly
size Mobility two instruments averages
distribution Particle Sizer (DMPS, a CPC and DMA, for January
Hauke-type) the DMA finds 2003 to
sizedistribution December 2006
in 30 classes between
7 and 500 nm
in diameter
Ozone Ozone analyser Measuring Hourly
(UV absorption) ETI49C air concentration averages
of near ground for January
ozone 2003 to
December 2006
Carbon Reduction Gas Measuring Hourly
monoxide Analyser measurements
the amount for February
of CO in 2004 to
the air December 2006
Table 2.2.1: Instrumentation, Pallas Station
2.2.1 Instrumentation
The instruments for measurements in Pallas are presented in Table (2.2.1).
All instruments are situated at the Sammaltunturi station.
2.3 Back trajectories and clustering model 17
2.3 Back trajectories and clustering model
The concentration of atmospheric trace gases in the Arctic is highly influenced by
long-range transport from mid-latitude source regions [Barrie and Hoff, 1985].
A change in transport pattern and seasonal changes in transport can lead to
changes in concentration of aerosol particles, CO and O3. A method to cluster
trajectories was used to analyze the impact of long-range transport on the observed
component in both Ny-Ålesund and Pallas.
Meteorological data (NOAA’s National Climatic Data Center) from January 2003
to December 2006 and the GDAS (Global Data Assimilation System) is been used
in the modeling program HYSPLIT (HYbrid Single-Particle Lagrangian Integrated
Trajectory) for this cluster analysis (http://www.arl.noaa.gov) [Draxler, 1999].
HYSPLIT is a program which uses the meteorological data to calculate three
dimensional trajectories. In this study trajectories are calculated 5 days back in
time for both stations. Each individual trajectory is constructed from wind fields
and they reflect the evolution of a synoptic pattern during the 5 days.
Due to limited capability only one trajectory per day is calculated, reaching Ny-
Ålesund at Zeppelin Station at a height of 475 meters and Pallas at a height of 600
meters at 12 o’clock midday.
5 day backwards trajectories appeared to be the best choice for a cluster analysis.
For Zeppelin station 5 days do not necessarily mean that the air masses have been
in contact with the continent, but if longer backward trajectories are used the
cumulative errors in the parcel location can become very large. Five days are short
enough to make a cluster analysis statistically right without using too many clusters.
The within-cluster spatial variance (TSV) as a function of the number of clusters
is helping to decide how many clusters should be used for the analysis. A high
percentage is connected to a high spreading of trajectories within the cluster. The
percentage change in TSV connected to steps in the clustering procedure are shown
in the HYSPLIT plot Figure (3.5.1) and Figure (3.5.11).
A significantly increase in the TSV going from one cluster number to the next
lower one indicates the cluster number reasonable to use. HYSPLIT uses all
trajectories from 2003 to 2006 for Ny-Ålesund and Pallas and divides them into
clusters depending on their origin direction. For each cluster one mean trajectory
is calculated from all trajectories assigned to the cluster.
Information about how many percent of all trajectories are assigned to the different
clusters is given by HYSPLIT. The date and time of all trajectories in one cluster is
also given by HYSPLIT and with help of matlab these percentages can be divided
into seasons and months.
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3 Results
3.1 Aerosol measurements
Particle number concentration and sizedistribution for aerosol measurements at both
stations are presented in Figure (3.1.1) to (3.1.4) Similar seasonal cycles for par-
ticle number concentration are observed at Zeppelin and Pallas station, high con-
centrations during summertime and low concentrations in wintertime. The low
concentration period at Zeppelin station extends over longer time than in Pallas
(Figure (3.1.1)and Figure (3.1.2)). The data from Ny-Ålesund shows monthly av-
erage values between 100 and 200 particles per m3 during winter and early spring
(Oct-Mar), from April to September the concentration is increasing with a maxi-
mum around June/July showing monthly averages of 550 to 700 particles per m3.
Plumes of high particle number concentration are seen in the hourly measurements
during summertime. Concentration levels in these plumes are between 1000-6500
particles per m3.
Particle concentrations in Pallas are low during November, December and January
but values are about twice as high as in Ny-Ålesund (200-400 particles per m3).In
February concentrations increase significantly and reach their maximum in May with
monthly average values of 1200 - 1700 particles per m3. The concentration contin-
ues to be around 1000 particles until it decreases again in September/October. The
highest hourly concentration measurements can be as high as 10000 particles perm3.
Looking at the variation of size distribution of the aerosols at Zeppelin station
with season (Figure (3.1.3)), it can be seen that the high number particle
concentrations in summer (Jun-Aug) are connected to observations of small Aitken
mode particles less then 75 nm in radius.
The summer particle size distribution differs a lot from the distribution for particles
characteristic during winter (Dec-Feb), spring( Mar-May) and autumn(Sep-Nov).
Here most particles measured are in a size range of 90 to 120 nm, typical
accumulation mode particles. It is important to notice is that in springtime,
especially April and May, when the particle number concentration starts to increase,
most particles measured in Ny-Ålesund are accumulation mode particles.
The size distribution of the aerosols in Pallas shows large differences to the
distribution of aerosols at Zeppelin station (Figure (3.1.4)).
A typical bimodal distribution is seen in winter, spring and autumn. In wintertime
the fraction of accumulation mode particles is almost as high as the Aitken mode
fraction. During the other season Autken mode particles usually are more frequent
than accumulation mode particles. The Aitken mode fraction is at its highest in
spring when it still shows a high fraction of accumulation mode particles as well.
Spring is the season at Pallas station when particle number concentration is highest
as well (Figure (3.1.2)). Figure (3.1.4) shows that in autumn almost only Aitken
mode particles are found. The summer particle size distribution does not show a
bimodal distribution but a normal distribution with a maximum in the size range
of 60 to 80 nm.
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Figure 3.1.1: Hourly (blue) and monthly (red) averages for the particle number
concentration, 2003-2006 Zeppelin
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Figure 3.1.2: Hourly (blue) and monthly (red) averages for the particle number
concentration, 2003-2006 Pallas
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Figure 3.1.3: Seasonal mean size distribution for aerosols, 2003-2006 Zeppelin
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Figure 3.1.4: Seasonal mean size distribution for aerosols, 2003-2006 Pallas
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3.2 Ozone measurements
Figure (3.2.1) and Figure (3.2.2) show hourly and monthly average O3 measurements
during 2003-2006 at Zeppelin and Pallas station, respectively. O3 concentrations
from the two stations show differences in seasonal variation. The lowest
concentrations at both stations are measured in July, August and September with
minimum values of 58-60 µg/m3 in Pallas and 53- 60 µg/m3 in Ny-Ålesundat
Zeppelin station in monthly average concentration.
The maximum concentrations are found in springtime but the difference in
concentration altitude between the two station is more pronounced. Monthly average
maximum concentration of O3 in Ny-Ålesund is between 82 to 90 µg/m3 and in
March. In Pallas measurements have their maximum values one month later in
April with measurements between 92 and 98µg/m3. The highest difference is seen
in 2003 when measurements in Pallas show a spring maximum about 10 µg/m3
higher then Ny-Ålesund.
Monthly averages during springtime at Zeppelin station are negatively influenced
by ozone depletion events (ODE). During these events 03 concentration drops to 0-
20 µg/m3. This was measured frequently in 2003, 2005 and 2006 in Ny-Ålesund.
This episode can be as early as March as seen in 2003 or as late as May (2005).
Opposite concentration proportion is seen from autumn- to wintertime.
Measurements from Pallas are showing slightly lower monthly average values then
measurements at Zeppelin station, 65 µg/m3 and 70 µg/m3 respectively
Looking at the hourly average data high O3 concentration events occur during
springtime at Zeppelin station. Concentrations are increasing with 50 µg/m3 within
days and reach concentrations maximums of 160 µg/m3, before they are decreasing
again to their initial point after hours to days. These episodes are measured in
Pallas more frequently than at Zeppelin. The only high concentration episode in
Ny-Ålesundat Zeppelin (Figure (3.2.1)) occurred in spring 2006.
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Figure 3.2.1: Hourly (blue) and monthly (red) averages for the O3 concentration,
2003-2006 Zeppelin
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Figure 3.2.2: Hourly (blue) and monthly (red) averages for the O3
concentration,2003-2006 Pallas
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Figure 3.3.1: Two hourly (blue) and monthly (red) averages for the CO concentra-
tion, 2003-2006 Zeppelin
3.3 Carbon monoxide measurements
CO data for 2003 to 2006 is presented in Figure (3.3.1) and Figure (3.3.2).
Measurements every second hour are available from Zeppelin station and monthly
averages are calculated. In Pallas hourly averages were available. Comparing the
monthly and hourly averages from Pallas and Zeppelin the same seasonal pattern is
distinct. A winter to early spring maximum, around January- March, shows values
up to 180 µg/m3 in Ny-Ålesundat Zeppelin Station and in Pallas in monthly average.
Maximum observations in the hourly data can be up to 300 µg/m3 in Pallas and
240 µg/m3 at Zeppelin station in wintertime. The summer low in June / July in
Ny-Ålesund is lower than at Pallas, the monthly average values are around 80 µg/m3
in 2006 where the summer concentration is at its lowest. Pallas measurements show
CO concentrations of around 100 - 105 µg/m3 for all years during summertime.
Antoher interesting fact is the spreading of the hourly values. During pollution
plumes, reaching the stations especially in wintertime, CO values can vary between
70 µg/m3 in Ny-Ålesund and 150 µg/m3 in Pallas within days.
In summertime much more homogenious values are measured at both stations.
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Figure 3.3.2: Hourly (blue) and monthly (red) averages for the CO concentration,
2003-2006 Pallas
3.4 Correlations
Calculations of the correlation coefficients between CO and O3, CO and particle
number concentration and CO and accumulation mode particle concentrations
indicate connections and relationships between the different components.
Both positive and negative relationships can be expected due to chemical cycles
as described in Chapter (1.4) and by common sources (Chapter 1.3.1.and 1.3.2,
Table (1.3.2)). These relations are reflected in the correlation coefficients.
Looking at Table (3.4.1) for Zeppelin station, clear negative correlation is shown
between O3 and CO in wintertime with a correlation coefficient up to 0.8. December,
January and February stands for the the most significant anti correlation between
CO and O3 in Ny-Ålesund. During the rest of the year the correlation coefficient
varies a lot between negative and positive. Trends seem to show more positive
correlations during the summer (July and August) but due to changes from year to
year no clear relation between O3 and CO can be specified.
Pallas on the other hand shows clear positive correlations during summer time.
From May to August correlation coefficients are raging between 0.24 and 0.71. April
and October are the months when the correlation shifts from negative to positive
and respectively the other way around. During these months both correlation and
anti correlation is observed from year to year (Table (3.4.2)). Anti correlations in
wintertime are strongest in January with a correlation coefficient up to 0.93. Anti
correlation in December and February are not as high as at Zeppelin station.
26 3 Results
Table 3.4.1: Correlation coefficient between CO and O3 in the upper table,
correlation coefficient between CO and particle number concentration in the middle
table and correlation coefficient between CO and particle concentration for particles
larger than 75 nm in radius, 2003-2006 Zeppelin
The relationship between CO and particle number concentrations varies between
correlating and anti correlating during the seasons at Zeppelin station, while they
are mostly correlating at Pallas station.
During the winter months the correlation coefficient at Zeppelin station is mostly
positive, but during the rest of the year it varies between positive and negative. No
statistically significant trends can be seen. Looking at CO and only accumulation
mode particles the positive winter trend continues throughout the spring with higher
correlation coefficients than for CO and the particle number concentration. During
summer there is no clear trend as for the relationship between CO and the particles
number concentration (Table (3.4.1)). For Pallas this positive relationship can be
seen throughout the whole year, with some few exceptions. The correlation is
generally positive, but more pronounced for CO and accumulation mode particles
with correlation coefficients of 0.72 to 0.9 in late winter (February). The positive
relationship decreases in summertime but stays positive as seen in Table (3.4.2).
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Table 3.4.2: Correlation coefficient between CO and O3 in the upper table,
correlation coefficient between CO and particle number concentration in the middle
table and correlation coefficient between CO and particle concentration for particles
larger than 75 nm in radius, 2003-2006 Pallas
3.5 Trajectory cluster analysis
3.5.1 Ny-Ålesund
Transport The mean trajectories from the HYSPLIT cluster run for Zeppelin
station are presented in Figure (3.5.2). To decide how many clusters should be
used for the cluster analysis the within-cluster spatial variance (TSV) is a good
indicator. Figures (3.5.1) shows the TSV per step of number of clusters for all
trajectories reaching Zeppelin station during 2003-2006. Using 7 cluster means that
only a 7 % spreading has to be taking into account in the analysis. Eight or nine
clusters would improve the cluster analysis only slightly, and the new formed clusters
8 and 9 would only split up existing clusters in two, each with similar origins of the
pathways (Appendix).
Seven clusters are sufficient enough to describe the pathway pattern to Ny-Ålesund
and the best solution for the years 2003-2006. The spreading of trajectories within
on cluster five days back in time is an important factor for inaccuracies of the cluster
analysis, but in general the mean trajectories are giving a good indication of the air
mass origin. The five days back trajectories for 2003-2006 (one trajectory arriving 12
pm every day) can be presented in seven mean trajectories. As seen in Figure (3.5.2)
the spacing between each pair of endpoint on the meantrajectory is 12 hours.
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Figure 3.5.1: Change in TSV depending on number of clusters, Ny-Ålesund
HYSPLIT calculates the percentage of trajectories connected to each cluster.
These percanteges are included in Figure (3.5.2).
Cluster number one and two, arriving from the north east and north west re-
spectively, are reflecting the transport pathways coming from clean air regions from
the Barents Sea to Siberian Heights. Cluster 1 is standing for 20 percent of all air
masses arriving to Ny-Ålesund. The Arctic Ocean north of Greenland, in cluster 2
is the origin for 15 % of all trajectories.
Similar to cluster 1 and 2, cluster 4 is expected to bring relatively clean air to Ny-
Ålesund. The mean trajectory of cluster 4 is starting in the north of Canada. Even
if the distance of the trajectory is very long, which indicates high wind speeds, air
masses are unlikely to come all the way from polluted parts of Canada and North
America with cluster 4.
Ny-Ålesund is located quite far from anthropogenic pollution sources and trajecto-
ries indicating high wind speeds are more possible to origin closer to polluted areas,
as seen in cluster 7. The mean trajectory of cluster 7 origin in eastern Europe leads
through Finland and the Norwegian Sea towards Ny-Ålesund and Zeppelin station.
Cluster 3 describes air masses coming from east, most likely from North Siberia
but due to the spreading of trajectories some trajectories might come from more
polluted parts of northern Russia.
The origin of air masses arriving to Ny-Ålesund described by the mean trajectory
in cluster 6 is the North Atlantic Ocean.
Cluster 5 is the shortest of all clusters and describes the air masses in Ny-Ålesund
arriving during typical high pressure systems above Svalbard with low wind speeds,
mainly from west.
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Figure 3.5.2: Cluster analysis for Zeppelin station, 2003-2006
Looking at the 4 years average percentage of trajectories north easterly and east-
erly trajectories are most frequent with cluster 1 and 3 standing for 41% of all air
transport to Ny-Ålesund.(Figure (3.5.3))
Dividing the percentage of trajectories over all seasons( winter (Dec- Feb), spring
(Mar-May), summer (Jun-Aug) and autumn (Sep-Nov)) it is shown that this north
easterly and easterly transport is dominating the transport pattern during winter
and spring. It has to be noticed that wintertime transport is dominated by transport
from north and east but 15 % of the air masses in Ny-ålesund originate from cluster
7, which is high transport from south compared to the other seasons. In Springtime
cluster 2 gains more importance in addition to cluster 1 and 3. Transport from
north and east are about 70 % of all transport in springtime.
Transport in summertime is dominated by transport during high pressure situations
and transport from the Atlantic Ocean to Ny-Ålesund and Zeppelin station, cluster
5 and 6. The southerly transport is almost negligible, the same counts for transport
from west. Northerly transport is significantly reduced compared to all other sea-
son. Autumn transport is again more influenced by northerly and easterly transport.
Still a lot of transport occurs from cluster 5, the cluster describing situations of high
pressure systems. Transport from cluster 4, westerly wind with high wind speed, is
quite low during all seasons but slightly higher in winter than in other times of the
year.
Figure (3.5.4) shows the monthly percentage distribution of trajectories for each
cluster. The results are reflecting same trends as seen in the seasonal distribution
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Figure 3.5.3: Trajectory percentage for each saison for all clusters, Zeppelin
but one has to notice the difference in the way of plotting. In Figure (3.5.3) all
7 clusters in one season sum up to 100 % while in Figure (3.5.4) the sum of all
month of one cluster is 100%. The monthly percentage distribution for each cluster
does not give any information about the relation between the different clusters, but
explains the distribution within one cluster. This can be used in the later analysis
of the component results connected to each cluster (Figure (3.5.5)- (3.5.9)).
In Figure (3.5.4) it is shown even more significantly that there is little transport
from south during summertime following cluster 7. Cluster 1 decreases during the
summer months as well. Less pronounced a decrease is seen in cluster 2, 3 and 4,
where cluster 2 shows even less transport during January and February. An opposite
monthly distribution of trajectory percentage is seen for cluster 5 and 6, referring to
transport from the Atlantic Ocean and during high pressure systems over Svalbard,
which occur mostly during summertime.
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Figure 3.5.4: Trajectory percentage for each month within each clusters, Zeppelin
Carbon monoxide Figure (3.5.5) shows the seasonal variation of the concentra-
tion of CO given as monthly averages which are average over the years 2003-2006
(blue line), regardless transport pattern. CO observation were sorted into the dif-
ferent trajectory clusters. The CO concentration allocated to one trajectory is a six
hour average value (9 o’clock am to 3 o’clock pm). Boxes with a monthly median(red
line), quartiles(upper and lower end of the box), maximum(end of the black line on
the top), minimum(end of the black line at the bottom) show the show the concen-
tration of CO connected to air masses from only one cluster. Outliers (red crosses),
defined as atypical observations, are included in the box-and-whisker diagram. The
data from each cluster is presented in separate panels. This makes it possible to
see abnormalities in the carbon monoxide concentrations for air masses originating
from the different clusters.
Months with less than three trajectories for one cluster are not included.
The most significant abnormalities are seen when air masses are following the
pathway described by cluster 7 (Figure (3.5.5)). Air masses are arriving to Ny-
Ålesund from the south. During January to April, monthly average CO concentra-
tions are around 20-50 µg/m3 higher than what is measured in total monthly average
during these months. In summertime too few trajectories are reaching Zeppelin sta-
tion with cluster 7 to be able to say something about their pollution concentrations.
The large percentage of trajectories coming with cluster 6 in summertime is con-
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Figure 3.5.5: Box and wisker diagrams for CO concentration connected to the
different clusters, Zeppelin
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nected to slightly higher CO concentrations at Zeppelin station.
Lower CO concentrations than the total monthly averages are connected to trans-
port from north-east and east,cluster 2 and 4, during autumn and winter. In some
single summer months the CO concentration for cluster 1, 2 and 4 is lower than the
total monthly average as well.
Ozone The seasonal variability and abnormalities of ozone is presented in
Figure (3.5.6) in a similar way as for CO in Figure (3.5.5). O3 concentrations show
the same trend of notable high concentrations as CO for air masses coming with
cluster 7, even though abnormally high concentrations occur only during March to
May. November to February the O3 concentration of air masses from cluster 7 is
actually lower than normal (Figure (3.5.6)). Cluster 2 and 4 show opposite trend
concentration in their O3 concentrations and higher concentrations than normally
are observed in wintertime, when air masses are originating from northeast and
east. The highest monthly average concentration in springtime are measured when
air masses are coming from the Atlantic Ocean. For cluster 6 the O3 concentration
is generally higher than the total monthly average O3 concentration.
Ozone depletion events occur only when air masses are arriving from the north.
For cluster 1 and 2 ozone concentration can be as low as 0-20µg/m3 in springtime.
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Figure 3.5.6: Box and wisker diagrams for O3 concentration connected to the
different clusters, Zeppelin
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Aerosols The seasonal variability and abnormalities of particle number concen-
tration is presented in Figure (3.5.7)- (3.5.9) in a similar way as for CO in Fig-
ure (3.5.5). The analysis of aerosol concentration connected to the different clusters
is divided into number particle concentration and size distribution. In addition to
that the particle number concentration for Aitken mode(10 to 65 nm) and accumu-
lation mode(75 to 630 nm) particles is calculated from the DMA size distribution
data, to see if there are different transport patterns for small and large aerosols to
Ny-Ålesund.
Particle number concentrations change with transport patterns of air masses
as CO and O3 does, but the differences are not as pronounced as for the two
trace gases. In wintertime particle number concentration is generally low and no
clear evidence of higher concentrations connected to certain transport pathways is
seen. In summertime, when concentrations are increasing, a significant spreading
of concentration in all clusters is seen in the large extension of the boxes (except
cluster 7, due to too little transport). Concentrations can vary from 100 to 4000
particles per m2. It is not possible to connect certain clusters to the transport of
abnormal particle concentration to Ny-Ålesund.
Trends of particle concentrations connected to certain transport pathways is
expected to be more defined dividing the particles into Aitken mode particles
(less than 65 nm in radius) and accumulation mode particles (more than 75
nm in radius).Figure (3.5.8) shows that the increase of Aitken mode particles in
summertime is not depending on transport patterns. During summertime high
concentrations can be found in all clusters (except cluster 7, due to too little
trajectories). Cluster 1 and 3 show the highest monthly average concentrations.
Cluster 3 and 2 are connected to early high concentration, already in winter
early spring. High accumulation mode particles are most common at Zeppelin
station during transport from south and east, cluster 3 and 7. In wintertime
increasing concentrations are seen as well during transport episodes from northwest,
cluster 1 Figure (3.5.9). The size distribution for the particles from each cluster
(Figure (3.5.10)) compared to the total size distribution in Figure (3.1.3)shows
characteristic sizes of particles arriving with the different clusters.
Winter particles agree with the total size distribution (Figure (3.1.3)), and
during winter particles have nearly the same size distribution independent from
their pathway to Ny-Ålesund.
The total size distribution for spring particles shows a slightly bimodal
distribution with a low peak at 30 to 40 nm and a maximum peak at 110 nm,
this is confirmed by particles arriving with cluster 3, 4 and 5. Cluster 7 has a
bimodal distribution in which the first maximum at 30-40 nm is slightly higher than
the peak at 110 nm.
An interesting fact is that summer particles from cluster 7 are much larger than
particles originating from the other clusters ( but it has to be taken into account
that only few trajectories arrive from cluster 7 during summertime).
Cluster 5 and 6 are showing a bimodal size distribution for the summer particles.
Summer particles from cluster 1 to 4 have their maximum at about 30 to 40 nm
what refers to the total size distribution in Figure (3.1.3).The typical bimodal size
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Figure 3.5.7: Box and wisker diagrams for number particle concentration connected
to the different clusters, Zeppelin
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Figure 3.5.8: Box and wisker diagrams for number particle concentration of particles
smaller then 65nm connected to the different clusters, Zeppelin
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Figure 3.5.9: Box and wisker diagrams for number particle concentration of particles
larger then 75nm connected to the different clusters, Zeppelin
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Figure 3.5.10: Seasonal average size distribution for each cluster, Zeppelin
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distributions for autumn particles is most pronounced in cluster 4. Again cluster
7 differs most from all other size distributions. Particles are actually smaller than
usually, the maximum concentration is at 30-40 nm and it is decreasing slowly with
size.
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Figure 3.5.11: Change in TSV depending on number of clusters,Pallas
3.5.2 Pallas
Transport Using nine clusters for the cluster analysis at Pallas station seemed
to be the best solution. Nine clusters show a spatial variance of only 5% TSV
(Figure (3.5.11)) and it is the first alternative, going from low number of clusters
to high number of clusters, which describes a high pressure situation by one cluster
(compare Figure (3.5.12) to Figure (Appendix)).
The mean trajectories for all nine clusters describe transport pathways for air
masses to Pallas station as followed (Figure (3.5.12)):
Cluster 1 and 9 describe air masses origin east and north on Greenland. Cluster 3
is the cluster connected typically to high pressure situations. Cluster 4 originates
north of Siberia while cluster 2 comes straight from east.
Highest wind speeds are connected to transport from Canada over the Atlantic
Ocean as shown in cluster 8 (similar to the mean cluster 5 to Zeppelin station).
Cluster 7 originates as well from the Atlantic Ocean, traveling along the Norwegian
coast towards Pallas.
The mean trajectory of cluster 5 has its origin in southern Scandinavia and travels
through Sweden towards Pallas.
Cluster 6 is coming from south originating in east Europe 5 days back inn time.
Different from Zeppelin the transport to Pallas station is not dominated by
transport from one direction but quite equally spread from all directions. 17 % of
all transport follows cluster 1, but a high percentage of trajectories comes from east
with cluster 2 (12%), during high pressure systems with cluster 3 (15%) and south
with cluster 5(10%) and 6(12%) as well.
Looking at the transport percentage distribution for each season, transport
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Figure 3.5.12: Cluster analysis for Pallas, 2003-2006
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Figure 3.5.13: Trajectory percentage for each season for all clusters, Pallas
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pattern are getting more dominated by certain clusters. In summertime the
transport from cluster 3 and 1 are standing for about half of all transport to
Pallas. Transport from cluster 8 and 9 on the other hand can be almost negligible
in summertime.
Cluster 8 and 9 have their highest percentage in wintertime. That is what they
have in common with transport directly from south (cluster 6). Generally winter
is the season when the transport to Pallas is equally divided between almost all
clusters.
Notable with springtime transport is the decrease of transport from cluster 6,
8 and 9 compared to winter transport whereas cluster 2 and 3 show an increase of
transport.
Autumn transport reflects almost the average transport distribution for all sea-
sons. Cluster 3 and 2 are less important and this is balanced by more transport
from cluster 7.
Figure (3.5.14) shows the percentage of transport for each month and each cluster
in the 9 panels, similar to Figure (3.5.4). Clear seasonal variations in transport
are seen in cluster 3, 8 and 9. Cluster 8 and 9 show almost no transport during
summertime while cluster 3 is most frequently common during the summer months.
Cluster 6 which is originating closest to pollution sources, transports air masses to
Pallas most frequently during January and February. Another cluster interesting for
pollution concentration is cluster 2, here most transport occurs during spring, but
also August stands for a lot of transport.
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Figure 3.5.14: Monthly trajectory percentage for all clusters, Pallas
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Carbon monoxide Figure (3.5.15) - Figure (3.5.19) where produced for Pallas to
show concentration abnormalities for CO, O3 and particles connected to transport
with the different transport pathways (In the same way as Figure (3.5.5) to (3.5.9)
for Ny-Ålesund). The most distinct abnormalities for CO concentrations are seen
in cluster 5 and 6, during transport from south. Here especially during wintertime
where concentrations are about 20 µg/m3 higher than what is measured in average
in Pallas (Figure (3.5.15)). Cluster 1, 4 and 9 are connected to lower CO concen-
trations throughout the year. Whereas cluster 7 and 8 stand for slightly lower CO
concentrations from November to March.
Air masses reaching Ny-Ålesund from east with cluster 2 are connected to higher
CO concentration with exception of September to November, with a few outliers of
high CO concentrations during winter and spring.
Ozone O3 concentrations at Pallas vary as well depending on the origin of the
air masses.This differs a lot with season (Figure (3.5.17)). In wintertime, high O3
concentration is connected to air masses originating from north and northwest with
cluster 1, 4 , 8 and 9. During summertime air masses which follow these pathways
used to have lower O3 concentration as what is measured in Pallas in total aver-
age. High concentrations in spring and summer are seen in cluster 6, and summer
in cluster 5. In winter and spring air masses with high O3 concentration can be
transported to Pallas from east with cluster 2, 6 and 7. In summer and autumn no
connection between transport and abnormalities in O3 concentration is seen, shown
by Figure (3.5.17).
Aerosols For the particle number concentration high average values are seen in
springtime arriving to Pallas from south with cluster 6. Whereas the box-and-wisker
diagram for cluster 2 indicates high plumes connected to the transport in springtime.
For the rest of the year the particle number concentration does not show significant
concentration abnormalities connected to certain transport pathways, similar to the
results from the cluster analysis for Zeppelin station. Dividing particles in Aitken
mode particles and accumulation mode particles the cluster analysis shows more
pronounced trends. Cluster 1 is showing highest concentrations of Aitken mode
particles (Figure (3.5.18)). Extremely high concentrations can as well be seen when
transport occur from cluster 2-5.
Looking at concentration differences of large particle with transports (Fig-
ure (3.5.19)), cluster 6 distinguishes itself from all other clusters, with generally
high accumulation mode particle concentrations. High concentrations can also be
observed when air masses are transported from cluster 5 and 2. Cluster 3 and 7
,mostly agree with the total monthly average measured in Pallas whereas all other
clusters show lower accumulation particle concentrations.
The size distribution for particles from each cluster is shown in Figure (3.5.20). Most
significant in this Figure is cluster 6, where almost all particles during all seasons
are particles of accumulation mode. This is simliar for cluster 5. Opposite to this
particles transported by cluster 8 and 9 are generally small.
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Figure 3.5.15: Box and wisker diagrams for CO concentration connected to the
different clusters, Pallas
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Figure 3.5.16: Box and wisker diagrams for O3 concentration connected to the
different clusters, Pallas
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Figure 3.5.17: Box and wisker diagrams for number particle concentration connected
to the different clusters, Pallas
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Figure 3.5.18: Box and wisker diagrams for number particle concentration for
particles smaller than 65 nm connected to the different clusters, Pallas
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Figure 3.5.19: Box and wisker diagrams for number particle concentration for
particles larger than 75nm connected to the different clusters, Pallas
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Figure 3.5.20: Seasonal average sizedistribution for each cluster, Pallas
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3.6 Additional analysis for Zeppelin station
3.6.1 Variability in transport pattern
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Figure 3.6.1: Scatter plot for NAO and AO indexes against transport from south
(cluster 6 and 7), Zeppelin station
Figure (3.3.1) and (3.3.2) show that CO concentration levels vary form year
to year. Variability in annually transport pathways is seen as well, but not taken
into consideration in the cluster analysis. To explain these variability changes in
the Arctic Oscillation (AO) or the North Atlantic Oscillation (NAO) has been
investigated. The indexes for these Oscillations are plotted versus the percentage of
transport from cluster 6 and 7 from January to March for each year, Figure (3.6.1).
Cluster 6 and 7 are describe air mass transport from the Atlantic Ocean and Europe
respectively which are expected to be most closely related to changes in AO (red
dots) and NAO (blue dots).
January, February and March are chosen because they are the months with most
pollution transport to Ny-Ålesund connected to cluster 7 (Figure (3.5.4).
There is a tendency towards more efficient transport during high NAO and AO
cases (Figure (3.6.1)). This is more pronounced for NAO than AO. The AO index
is generally more negative during January, February and March 2003-2006 than the
NAO, but a positive relationship between the AO index and transport from south
is seen aswell. Nevertheless in some cases with high NAO and AO low transport
disagree with this positive relationship.
In addition the relationships between CO and AO or NAO are investigated.
Monthly average values for CO(line) are plotted together with the AO index
(bar) for January-March 2003-2005 (Figure (3.6.2). It looks like CO concentration
are following the AO index very well at least for 2003-2005 ( Figuree (3.6.2)).
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For this investigation it should be taken into consideration that the average CO
concentration usually increases from January to February with about 10 µg/m3,
and only slightly decreases from February to March (seen in the Figure (3.5.5,
blue line in all panels). In two of three years changes in the AO coincides with
this seasonal variability. During January to March 2005 a decreasing AO index is
observed and CO concentration differ from their average behavior and decrease as
well from January to March.
The correlation indicated in Figure (3.6.2) can more easily been seen in
Figure (3.6.3). Here the relation between CO concentrations and AO or NAO is
presented in a scatter plot. For AO (red dots) it is shown that a positive index is
connected to high CO concentration. Again, the seasonal variability has not been
taken into account. The relationship between NAO (blue dots) and CO is not as
significant as the relationship between AO and CO concentrations (Figure(3.6.3)).
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Figure 3.6.2: AO index and CO concentrations measured at Zeppelin station
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Figure 3.6.3: Scatter plot for NAO and AO against CO concentrations at Zeppelin
station
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3.6.2 Formation of new particles
To investigate sources and necessary conditions for new particle formation at
Zeppelin station during summertime, additional analysis is done. The intension
of this analysis is whether precursor gases enhancing the particle production are
of anthropogenic or natural origin. Only measurements during periods when CO
concentration was high are included (10 highest % of the standard deviation from
the monthly median). Particle formation is enhanced by sunlight and June, July
and August where chosen as investigation periods.
Among the species analyzed in this study CO is the one which is most directly related
to anthropogenic emissions. During influence of high anthropogenic emissions the
presence of anthropogenic precursor gases as SO2 is associated. Concentration levels
of small particles (Aitken mode particles,20nm - 65nm) are compared to sun-hour
data during these periods of high anthropogenic influence. In Figure (3.6.3)particle
concentrations of Aitken mode particles are plotted against sun-hours at Sverdrup
Station in Ny-Ålesund close to Zeppelin station. A sun-hour index of 1 is associated
with clear sky conditions and an index 0 means cloudy conditions. The results show
no clear correlation between sunny condition, anthropogenic influence and particle
formation.
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Figure 3.6.4: Number particle concentration for Aitken mode particles (20-65 nm)
versus sunhours, during plumes of high CO concentrations, Zeppelin station and
Sverdrup station
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4 Discussion
Concentration levels for each component are discussed by analyzing the seasonal
variations together with the cluster analysis. Abnormalities of concentration levels
connected to certain transport patterns are studied for both stations. Correlations
between the different atmospheric species and how these correlations are linked to
different transport patterns are investigated .
The four-year periosd is not adequate to investigate changes in transport pattern
trends, but the year to year variability of transport pattern possibly connected to
changes in the AD and NAO is discussed in this thesis. Further it will be discussed
to what extent anthropogenic pollution affects the two sites, Pallas and Zeppelin
station. The discussion is based on the results of this thesis and literature studies.
Aerosols Particle number concentration, size distribution and cluster analysis are
used to give an explanation for seasonal variations in aerosol properties at both
stations.
Particle transport into the Arctic has been observed since the 1950s. Most pollu-
tion transport takes place during winter and spring (Barrie [1986]). Particles can
directly be transported into the Arctic from their, primarily anthropogenic sources,
but they can as well be formed in the Arctic. Particle formation in the Arctic can
be of both natural or anthropogenic origin. Precursor gases, for example SO2, from
anthropogenic sources or dimethyl sulfide (DMS) from oceanic emissions can be
transported towards the two sites and enhance the particle formation. For this for-
mation solar radtion is a key factor (Kawamura et al. [1996]).
The size differences of particles (Figure (3.1.3) and (3.1.4)) arriving at Pallas and
Ny-Ålesund allow to make first statements about possible sources of the particle.
In wintertime large particles, referred to as accumulation mode particles, can
be expected to have had a long residence time in the atmosphere. Depending
on meteorological conditions they might have traveled far distances. The Arctic
atmosphere in wintertime is characterized by a stable stratification and low humidity.
Removal rate due to precipitation is small,this enhances the build-up of accumulation
particles and long range transport of particles. In the dry arctic atmosphere particles
manage to grow to large particles mostly by coagulation. Coagulation is the
main mechanism for for the high growth rate of accumulation particles as Ström
et al. [2003] describes in their study of one year particle size distribution. Both
condensation and formation of particles is shot off during wintertime at Zeppelin
station.
Accumulation mode particles measured in Ny-Ålesund are larger than in Pallas
on average. The distance to anthropogenic sources on the continent is much larger
for Zeppelin station than for Pallas. Removal rates in Pallas are higher, which is
another reason for particles in Pallas to have a smaller size than winter particles at
Zeppelin station. Large particles are more easily removed by wet deposition in the
sub-arctic region.
This fact can be seen in the size distribution for winter particles as well. A
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typical bimodal size distribution is significant for Pallas during autumn to spring(
Figure (3.1.4)). The bimodal distribution is caused by small particles serving as CCN
and growing fast due to condensation. Cloud formation and therefor scavenging of
particles by wet deposition is enhanced. A bimodal distribution is not observed at
Zeppelin station during wintertime.
Wintertime is characterized by large particles but by low concentrations of particles
as well (Figure (3.1.1) and (3.1.2)). The period of dark and very stable atmospheric
condition is shorter in Pallas, therefore low concentrations of particles are found
during a shorter period in wintertime than at Zeppelin Station.
The source hypothesis stated for winter particles, if only particle size distributions
and particle number concentrations are taken into account, is mainly confirmed
by the cluster analysis (Figure (3.5.9) and (3.5.19)). Transport of large particles
towards Ny-Ålesund are observed in connection with air mass transport from cluster
1, 3 and 7. These clusters describe the air masses origin from Europe and Siberia.
For Pallas the highest accumulation mode particles are found in air masses from east
and south as well (cluster 2,3,5 and 6). The transport of large particles from the
same directions during the summer months is even more pronounced. Measurements
at Pallas station show high concentrations of accumulation mode particles during
the whole year. Particle pollution of accumulation mode particle at Zeppelin station
seems to be strongest in spring and wintertime.
In summertime accumulation mode particles are observed at Zeppelin station as
well, mostly from cluster 3 from east.
It has to be taken into consideration that large particles not necessary origin
from anthropogenic sources, as Leck and Bigg [1999] describes. Large accumulation
mode particles can be generated from bubble bursting in open leads. This mostly
occurs during summertime.
Highest number concentrations are measured in summertime (Figure (3.1.1) and
(3.1.2)). The return of the sunlight enhances the formation of new particles from
precursor gases. All trajectories in the cluster analysis arrive at the two station
at 12 o’clock midday. Due to high solar radiation at midday, particle formation is
expected to show highest diurnal concentrations (Komppula et al. [2003]).
In summertime few anthropogenic precursor gases reach the Arctic and natural
sources become more important (A.Stohl [2006]). Due to its position north from
the Polar front Pallas is more influenced by anthropogenic precursor gas emissions
during summertime.
Large plumes with a high number concentration of particles are seen at both stations
during summertime. These plumes are mainly caused by high concentrations of
small, Aitken mode particles at both stations. This is shown in the size distribution
(Figure (3.1.3)and (3.1.4)) and in the cluster analysis for Aitken mode particles
(Figure (3.1.1) and (3.1.2)). Results for Pallas in this study confirm earlier results
from Komppula et al. [2003] and Tunved et al. [2003]. Large particles are transported
from industrial emissions in the south and east, whereas most Aitken mode particles
are of natural origin. Komppula et al. [2003] states that most formation events occur
during wind direction from the west and from the north, indicating polar or arctic air
masses. At Pallas, Aitken mode particles can origin from anthropogenic emissions of
precursor gases especially from industrial active regions, such as the Kola Peninsula
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east of Pallas (Tunved et al. [2003]). Plumes of high Aitken mode concentrations
are seen during transport from the east in this study, but the north and north west
definitely is the more important source region.
The cluster analysis for Zeppelin station shows a common natural source for particle
formation. Most frequently small particles are transported from the north and the
east. Southerly transport influences Aitken mode particle concentration negatively.
To be able to exclude anthropogic sources for Aitken mode particles, as for example
from cluster 3, the formation of particles hence to anthropogenic precursor gases
are investigated in Chapter(3.6.2) (Figure (3.6.4)). In the figure it is shown that
anthropogenic precursors as SO2 are unlikely to have large impact on the aerosol
concentration at Zeppelin station during summertime. High concentration plumes of
CO are most related with anthropogenic emissions and therfore high concentrations
of SO2 are expected. It is still uncertain to what extent anthropogenic SO2 can
influence the formation of particles in the Arctic (Engvall et al. [2008]). Results from
this study show that anthropogenic SO2 is unlikely to play an important role, but
it has to be taken into consideration that the atmospheric lifetime of SO2 is about 4
days, particles can be formed already closer to the emission source of SO2 on their
way towards Ny-Ålesund. Sun radiation in Ny-Ålesund only has little influence on
particle formation in these cases. Ström et al. [2003] suggest in their study that
the Sibirian Tundra could be a possible source region for particle precursors gases
to the Arctic Basin. This seems to be a good explanation for high Aitken mode
concentrations from cluster 3.
(a) (b)
Figure 4.0.5: Particle size distribution for particles arriving from south, Pallas (a)
and Zeppelin (b)
In order to investigate transport related effects on the aerosol size distribution,
situations have to be found in which similar large scale advection situations apply to
both stations. Cluster 7 for Zeppelin station and cluster 6 for Pallas station satisfy
this requirement. Looking at Figure (4.0.5) (panel 6 from Figure (3.5.20) and panel
7 from Figure (3.5.10)), the change of aerosol properties, with transport north, is
shown. Except wintertime size distributions at Zeppelin station show larger particles
than Pallas station. This emphasizes that particles get deposited at Pallas on their
way towards Zeppelin station. Only in wintertime particles from Pallas are able to
reach Ny-Ålesund.
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Ozone Seasonal variations of O3 for Pallas and Zeppelin station are presented in
Figure (3.2.1) and (3.2.2). Highest O3 concentrations are observed during winter.
Wintertime concentrations from Zeppelin station are about as high as concentra-
tions in Pallas, in autumn even higher concentration levels are found at Zeppelin
than at Pallas station. This is caused by the extremely low removal rate of O3 in
the dark and cold arctic environment during the wintertime(Helmig et al. [2007]).
Low ozone sinks, low water vapor and the comparatively low levels of solar radia-
tion, gives the O3 molecules in the Arctic the longest atmospheric lifetime up to 100
days(Liu and Ridley [1999]). Dry surface deposition becomes more important as a
sink mechanism. Due to the long polar night at 79 degrees north O3 concentrations
start accumulating already in autumn. Due to the long atmospheric lifetime, even
the low intrusion rate of O3 from the stratosphere becomes more important.
This is emphasized by the cluster analysis (Figure (3.5.6)). In wintertime highest O3
concentrations are connected to the transport from the north west, west and south
west (cluster 1,4 and 6). As A.Stohl [2006] describes in his study, the chances for
air masses near ground to origin from the stratosphere is about 1 percent around
Svalbard. For air masses coming from the Atlantic Ocean or from Greenland the
chance to originate from the stratosphere is almost 10 percent. Vertical transport
is not investigated in this study. For Air masses coming from Greenland elevation
above sea should be taken into account and that air masses coming from Greenland
most likely come from elevations up to 2000 meters above sea level. High O3 concen-
trations at Zeppelin station are closely related to to air mass transport from regions
where the middle and lower troposphere is more exposed to O3 intrusion from the
stratosphere.
Ozone concentrations in a study from Eneroth et al. [2007], who was using trajec-
tory climatology to investigate ozone depletion events, show similar trends in O3
concentrations during transport from the Atlantic Ocean and Greenland for ozone
measurement during 1992 to 2001, but the concentration levels during transport
from the west seem to be slightly lower than what is seen in this study for 2003 to
2006.
Air mass transport from the same regions is likely to count for highO3 concentrations
at Pallas as well. This can be seen in cluster 8 and 9 in wintertime (Figure (3.5.16)).
High O3 concentrations connected to transport from the north (Figure (3.5.16)) for
Pallas are even more pronounced. One can even consider the Arctic with its low
removal rates as an O3 source region for O3 for Pallas in wintertime. Cluster 1 and
9 and 4 all transporting air from the north towards Pallas, show that air masses of
high ozone concentrations are transported to Pallas.
Anthropogenic emissions are not likely to increase O3 concentrations during
wintertime. Air masses transported to Zeppelin station from the south during
wintertime are characterized by low O3 concentrations. Figure (3.5.6) shows that
transport from cluster 7 is connected to slightly lower O3 concentration levels than
the average measured at Zeppelin station during wintertime. This relates to chemical
reactions in pollution plumes from anthropogenic sources and is further discussed in
in Paragraph (Component connections). The same is observed in the cluster analysis
for Pallas as well, transport from the south and anthropogenic emission sources is
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connected to low O3 concentrations during the winter months (Figure (3.5.16)).
In springtime the transport of anthropogenic emissions, mostly from south, be-
comes more important. The combination of high transport rates, high chemical pro-
duction rates and still low sinks lead to the highest concentration observed during
the year. Transport of high O3 concentration occurs from the south and southwest
towards Zeppelin station and from the south towards Pallas station. Most anthro-
pogenic sources are situated south of Pallas and south of Zeppelin station in Europe.
Whereas south-westerly transport can also indicate that pollution all the way from
North America can reach the high Arctic (Law and Stohl [2007]). High concentra-
tion plumes are seen during the transport across the Atlantic Ocean (Figure (3.5.6)).
Ozone depletion events are discussed in several studies and observed in this thesis
as well, but not much investigated. Notable here is that it influences the monthly
average in springtime negatively. Even higher ozone concentration during spring
would be expected if ozone was not depleted by halogen chemistry reactions. Law
and Stohl [2007] state that up to 50 % of the springtime ozone budget in the Arctic
boundary layer can be depleted by halogen chemistry. In Pallas these episodes are
not observed due to its distance to sources for hydrocarbons over open water.
At Zeppelin station in summertime, deposition and chemical net destruction are
getting larger than net production and transport to the Arctic. Chemical loss and
dry deposition of ozone are largest during summertime.
Helmig et al. [2007] state as well that a decrease in O3 concentrations in summertime
is connected to a reduction in transport from Europe. Photochemical destruction in
a low NO
x
environment is an important sink, this is further discussed in Paragraph
(Component relations). Other sink mechanism in the Arctic such as the amplitude
snow pack emissions of NOx and halogen chemistry are expected to be larger than
at lower latitudes as well.
Air mass transport towards Zeppelin station in summertime is dominated by cluster
5 and 6. Cluster 5 describes high pressure system transport which is mostly origi-
nates over the ocean close to Svalbard. Over oceans O3 concentrations are generally
very low (Helmig et al. [2007]) and the possible explanation of high concentrations
from cluster 6 is again the transport from North America. Pollution from Europe
cannot be eliminated either, air masses can possibly be transported from Europe
towards the west, the Atlantic Ocean, change direction towards the north and be
included in cluster 6. Looking again at Eneroth et al. [2007] study similarities are
found. Concentrations coming from the Atlantic Ocean to Ny-Ålesund are higher
than the total average and explained by the transport of photochemically produced
O3 from man-made emissions from lower latitudes to the high Arctic. In their results
for 1992 to 2002 enough trajectories reach Zeppelin station during summertime to
calculate statistically significant O3 concentrations connected to southerly transport
during summertime. This transport shows higher concentrations than the average
concentration which is measured at Zeppelin station for all summer months. Low
values are shown for the winter, which agrees with the results calculated in this
thesis.
Pallas is clearly more influenced by anthropogenic O3 pollution due to its shorter
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distance to large industrial emission sources. High concentrations are transported
from the south even during summertime seen in the cluster analysis (Figure (3.5.16)).
Scheel et al. [1997] invetigated lower-troposphere O3 concentrations over Europe. All
stations at latitudes lower than 65◦ North show summer O3 concentrations maxima
and winter minima. Pallas is not influenced sufficiently enough by anthropogenic
ozone transport. Chemical net destruction and deposition is higher than the ozone
transport and production, as it can be seen at Zeppelin station. .
Carbon monoxide About 60 % of the sources of CO in the Arctic are of
anthropogenic origin. High levels of CO concentrations are good indications of
anthropogenic pollution transported to clean sites(Beine [1999]). CO concentration
levels shown in Figure (3.3.1) and (3.3.2) and concentration levels connected to
certain transport pattern towards Zeppelin station and Pallas station (Figure (3.5.5)
and (3.5.15)) are discussed to investigate the role of anthropogenic pollution at both
sites.
Lifetime of CO is high, up to two months in wintertime, which is enough to
distribute CO concentrations over far distances and average concentrations in Ny-
Ålesund and Pallas in wintertime are actually quite similar.
Both stations are exposed to high concentration plumes, where this episodic pollu-
tion Pallas is more frequently and of higher concentrations (Figure (3.3.2)). These
plumes reach the stations mainly during southerly transport (Figure (3.5.5)and
(3.5.15)). High CO concentrations are also connected to transport from the east
to Ny-Ålesund and Pallas. Different from Zeppelin station high CO concentrations
are found during high pressure systems and short transport pathways from cluster
3 (Figure (3.5.15)) to Pallas what indicates that pollution sources are located quite
closely to Pallas and emphasize the impact of pollution on the site of Pallas.
Abnormalities in CO concentration connected to certain transport patterns during
summertime are low as shown in the clusteranalysis(Figure (3.5.5) and (3.5.15)).
The main sink of CO are OH radicals. This oxidation of CO leads to low concen-
trations during late summer and autumn at both stations (Beine [1999]).
Air mass transport from the north is generally related to transport of low
CO concentrations as well as transport from the west, due to the absence of
anthropogenic emission sources.
Looking at CO concentration in Pallas it can be said that cluster 1, 2 and 4
describing transport from the north reflect average CO concentrations at Zeppelin
station very well. Lower concentrations during the summer months are transported
to Pallas from the north. Lifetime of CO is high, up to two months, which is enough
to distribute CO concentrations over far distances and average concentrations in Ny-
Ålesund and Pallas in wintertime are actually not that different from each other.
Pallas is more exposed to plumes of high CO concentrations (Figure (3.3.2)), which
reach Pallas during southerly transport (Figure (3.5.15)), but averages are similar
for both stations anyway.
Component relations In this thesis monthly correlations were calculated be-
tween O3, CO and particle concentrations were calculated for 2003-2006. The rela-
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tionship between the atmospheric concentration of two long lived trace gases can be
used to quantify their relative source strength. C alculations of correlations for air
masses from each cluster would be most interesting, but these calculations are not
done in this thesis. Anyway, looking at the monthly correlation presented in Ta-
ble (3.4.1)and (3.4.2) and comparing the results to the cluster analysis in Chapter
(3.5) a lot can be said about the component relations and their sources. There are
two important facts that can lead to the a positive or negative relationship between
pollution components. On the one hand a certain relation can be caused by chemi-
cal reactions involving both components in the atmosphere or significantly positive
relations can be due to common sources of the components.
O3 and CO can be emitted by the same source and one can expect a positive
relation between these two trace gases, but in wintertime chemicals reactions can
lead to the opposite. This negative correlation between CO and O3 in wintertime,
which is presented in Table (3.4.1) and (3.4.1), can be explained by O3 titration
(Harris 2003). As described in Chapter(1.4) ozone production is enhanced by the
presents of NO
x
and sunlight. When sunlight is absent but NO
x
present this
production can turn into a destruction of O3. NO with an atmospheric livetime
of few minutes and NO2 with a lifetime of about 50 minutes are unlikely to reach
the Arctic from anthropogenic sources but it is probably that NO
x
as well as CO
destroy O3 already on there way towards the north.
Destruction of O3 is also usual when NOx is absent. In this case CO is reacting with
O3 directly as described in Equation (11). But the main explanation for negative
correlations in wintertime probably is the titration ofO3 byNOx in pollution plumes.
In order to verify if this is a reasonable explanation it is interesting to look at
correlations especially when air masses are transported from polluted areas. Looking
at the cluster analysis we see that CO concentration from cluster 7, which is the
cluster expected to transport most pollution, is high during wintertime, while ozone
concentrations are relatively low. The same is seen in cluster 1 and 3 which transport
low concentrations of O3 and high concentrations of CO. These clusters are as well
dominating the transport of air masses towards Ny-Ålesund during wintertime. This
can explain the totally negative correlation between O3 and CO during wintertime.
During transport from the Atlantic Ocean and Greenland the opposite can be seen.
While ozone concentrations are high, connected to reasons discussed above, CO
concentrations are low due to general low CO concentrations in the origin region of
those clusters and the absence of anthropogenic emissions.
Already in late spring high O3 and CO concentrations are more likely to originate
from the same polluted sources. Sunlight is present and ozone production is now
catalyzed (Equation(6)) where CO is an inert tracer is closely constant. As Beine
[1999] stated in his study a positive correlation would be expected during the summer
months and late spring. In his years of study(92-94) he did not find a proof of this.
Shown in Table (3.4.1) is that correlation coefficients are getting more positive during
summertime even though this can vary from year to year and month to month. The
positive correlation in summertime compared to a negative correlation in wintertime
is more pronounced looking at correlation coefficients in Pallas. Here it sould be
taken into consideration that the dark period in Pallas is shorter than in Ny-Ålesund
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and that the titration of ozone is turning into production, due to reactions caused by
NO
x
and sunlight, earlier than at Zeppelin station. Pallas is closer to anthropogenic
sources what means that plumes containing O3 and CO can reach the station fast
after their emission whereas the gases can be changed by chemical reactions during
their transport to Ny-Ålesund.
CO and large particles are known to have common sources (Chapter(1.3.1)and
(1.3.1)). Emission of precursor gasses and CO can create positive relations between
small particles and CO as well.
The correlation between CO and particles are mostly positive especially in
wintertime for both stations due to common sources. In summertime when the
particle number concentration is more dependent on the new formation of particles
(Figure (3.1.3)) this correlation is weakened. For large particles and CO the positive
correlation is still true (Table (3.4.1)). This can be seen in the cluster analysis as
well. High concentrations of accumulation mode particles and CO are transported
with the same cluster, cluster 1,3 and 7 for Ny-Ålesund and cluster 3,5 and 6 for
Pallas. Whereas small particles cannot be connected to certain clusters. Still a
positive relation between number particle concentration and CO is seen, probably
due to the compounds of large particles in the particle number concentration for all
particles. Formation of new particles can be enhanced by precursor gases as SO2.
CO is the component analyzed in this study, which is most directly connected to
anthropogenic emissions and it can be expect that high CO emissions are closely
connected to the occurrence of sulfate and therefor connected to an increase in
concentrations of small particles in Ny-Ålesund aswell.
This is worth a more detailed investigation. Looking at sun hours, CO
concentrations and Aitken mode particles did not give any clear indication of positive
connections (Figure (3.6.3)). Even if CO concentrations are high and sun radiation
present, small particles do not necessarily show increasing concentrations. Sun hours
alone do not show any good indication. A reason for this might be that the formation
of new particles already occurs on their way to Ny-Ålesund and the measured sun
hours in Ny-Ålesund do not tell anything about earlier formations over the Barents
Sea or Norwegian Sea in the south.
Variability of transport pattern As it is emphasized in the discussion above,
the transport patterns are important for CO, O3 and accumulation mode particle
concentrations in the Arctic as well as the Subarctic. With change in transport
patterns and an increase in southerly and easterly transport towards Ny-Ålesund
and Pallas, concentration levels could increase significantly. The investigated period
of 4 years is too short to say anything about trends in transport patterns. Eneroth
et al. [2003], who did similar trajectory analyses for the priode from 1992 to 2001
does not show any particular transport trends. Their meantrajectories for 8 clusters
towards Zeppelin station correspond very well with the trajectory analysis in this
study. Eventhough there are no certain transport trends, year to year variablities
are observed and described by Eneroth et al. [2003]. Studies from for example Eck-
hardt et al. [2003] claim that the North Atlantic Oscilattion conctrols air pollution
transport to the Arctic. The Monitoring and Programme [2002] describes the de-
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pendecy of airmass transport into the Artcic on the Arctic Oscillation Index. This
was motivation enough to look at connections between the NAO, AO and pollution
and transport into the Arctic for the years in focus in this thesis. The Subartic and
transport to Pallas is not investigated.
AO and NAO are closely related to each other(Eckhardt et al. [2003]) but small
differences in their relation to pollution transport into the Arctic are found in this
analysis. The correlation between transport from south (cluster 6 and 7) and the
AO and NAO from January to March 2003-2006 is presented in Figure (??). The
winter-, early spring period is chosen, since most transport from south occur during
these months. Positive relations are more pronounced between southerly transport
and NAO than between southerly transport and AO. A high AO and NAO index is
often connected to a high percentage of transport from the south, but in some cases
where the AO or NAO is positive, there are no trajectories observed coming from
the south during the months in focus.
This shows that AO and NAO are not the only factors controling variations in
transport towards the Arctic. On the other hand one has to take into consideration
that trajectories to Zeppelin station, one single site in the Arctic, can not reflect
how general transport pattern into the Arctic behave with changes in NAO and AO
indexes. More sites in the Arctic would have to be taken into the calculations.
Relationships between CO and the AO index show even stronger postive
correlations than between southerly transport and AO, as it is shown in
Figure (3.6.2). Figure (3.6.3) shows that the correlation between AO and CO
concentration is stronger than between NAO and CO concentration. This is
somewhat in conflict with the earlier discussion about transport pathways of carbon
monoxide, where high concentration levels of CO are most likely connected to
transport from south, cluster 7. Other clusters playing a role for CO concentration
levels at Zeppelin station are cluster 1 and 3, north easterly transport and easterly
transport. A reasonable explanation could be that the AO influence not only
transport from south but also from east and north-east, this is been confirmed
by earlier studies (Monitoring and Programme [2002]). Eckhardt et al. [2003] is
mostly investigating pollution transport connected to the NAO, but they explains
differences between the AO and NAO. His hypothesis is that the AO is enhancing
correlation between pollution transport and a positive AO over the Asian rigion,
whereas correlations over northern Scnadinavia is weaker than during high NAO
indexes. This is confirmed in this investigation, but one should probably have
included cluster 1 and 3 in the transport and AO Index investigation.
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4.1 Summery
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Figure 4.1.1: CO and O3 monthly averages over 4 years for Zeppelin station (red
(CO) and blue (O3) line) and for Pallas station (red dashed (CO) and blue dashed
(O3) line)
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Figure 4.1.2: Particle number concentrations,monthly averages over 4 years for
Zeppelin station (green line) and Pallas station (green dashed line)
Stations, Artcic and Subarctic One of the main intentions of this thesis was
the comparison of the two stations, located in the Arctic and in the Sub Arctic. Both
stations are clean air stations not influenced from local or regional anthropogenic
pollution. The closest anthropogenic pollution sources to Pallas station are two
smelter in Russia, 350 km northeast and east from Pallas.
The discussion above shows that Pallas is affected by anthropogenic pollution
during the whole year whereas Zeppelin station is almost isolated from transport
of anthropogenic emissions during summertime. In summertime pollution sources
at high latitudes are getting more important, due to low air mass transport from
south [Law and Stohl, 2007]. Pallas experience pollution from east in addition
4.1 Summery 67
to southerly pollution transport during summertime, whereas the little pollution
reaching Zeppelin station comes from the south.
For the three species in focus in this study different characteristics are observed.
Concentration levels of CO are quite similar to each other at the two stations
(Figure (4.1.1)). The long atmospheric lifetime of CO, between 1.5 and two month,
weakens the dependency on the distance to the pollution sources. The only distinct
deviation from the common concentration levels at both stations are in summertime.
During this time of the year concentrations at Pallas is strongly influenced by
transport from east. During the other seasons CO variation is determinated by
OH oxidation to the same extent at Pallas as at Zeppelin station.
For O3 the seasonal variation differs a lot more between the two stations. High
O3 values are measured at the Zeppelin station during autumn- and wintertime,
while Pallas station reaches higher levels during the spring and the summer. Pallas
is more exposed to transport of anthropogenic O3 during summertime, whereas
concentrations at Zeppelin station are influenced by very low removal rates during
wintertime. Anthropogenic O3 emissions during wintertime are deleted on the way
to both Pallas and Zeppelin and does not affect the concentration levels.
The clearest sign that Pallas station is more exposed to anthropogenic emissions
is seen in the aerosol concentrations. The same seasonal variations are seen at
both stations, but number concentrations are about twice as high at Pallas station
than at Zeppelin station. These short lived species of anthropogenic origin are
often not reaching the high Arctic. But both stations are influenced strongly by
natural particle emissions, and the extent of anthropogenic influnece is difficult to
assign. For Zeppelin station most particles during summertime are assumed to be
of natural origin. At Pallas station it is shown that in addition to natural particles
transported from north, large fractions of transported particles from the east and
the south aswell, more likely to be of anthropogenic origin.
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5 Conclusion and further studies
The results of this master thesis give an overview about several factors influencing
pollution concentration levels in the Arctic and sub-Arctic. Transport pathways
and source and sink regions and mechanism are presented. Results of the transport
pathway study lead to following conclusions:
• Comparing the transport pathways during the four-year period 2003-2006 it
is found that the results agree with earlier studies of transport pathways.
Southerly transport towards Zeppelin station which is found to be connected
to the strongest pollution influences, has a low annual average. The highest
transport rates are found in wintertime giving the hightest pollution transport
into the Arctic during wintertime. In summertime this transport is very
low, but together with transport from the south west and east, traces of
antropogenic pollution from middle latitudes are observed in summertime as
well. For Pallas the results of transport pathway analysis show that southerly
transport together with easterly transport occur during the whole year. This
transport is, due to shorter distance to anthropogenic pollution emissions,
influencing concentration levels in Pallas even more.
• Measurements, which show an increase of O3 and particles concentrations,
are not necessarily influenced by transport from the south and anthropogenic
emissions.
• New formed particles in the Arctic are predominantly transported from natural
sources towards Zeppelin station during the summer months. In wintertime
on the otherhand, particle concentration levels are most likely to be of
anthropogenic origin. The same counts for Pallas. Particle formation occur
most frequently north of Pallas and is transported from this natural source
region towards the station. But the anthropogenic extent at Pallas during
summertime is assumed to be larger than at Zeppelin station. High fractions
of large particles from southerly transport is seen even during summertime,
while formation of particles from anthropogenic precursors is expected with
transport from the east.
• O3 from anthropogenic emissions is to a large extent deleted in the polluted air
during wintertime. Transport from densly populated regions is not connected
to high O3 concentrations during the wintermonth at both stations. Summer
emissions on the otherhand can be transported towards the north. Here it
is seen that Pallas is more influenced than Zeppelin station due to shorter
distances to emission sources. High wintertime O3 concentrations at Zeppelin
station are connected to high accumulation of concentrations due to low
removal rates. The Arctic is in fact a source region for transport of O3 towards
Pallas.
• Regional distinctions for the Arctic are shown in the transport pathways of
high O3 concentrations during wintertime. Transport from the west and south
west indicates transport from regions which are more exposed to intrusion of
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O3 from the stratosphere. The level of concentration increase by transport
from these regions seem to have increased slightly compared to earlier studies.
As [Law and Stohl, 2007] discussed in their study, can a possible warming of
the Polar dome allow a more efficient pollution import into the Arctic, and
this could be interesting for further investigations.
• Air masses transported to Pallas from the north reflect very well Arctic
background conditions.
• Pollution transport and its connection to oscillation systems is investigated
for Zeppelin station in this thesis. There is a tendency that CO pollution
is dependent on the Arctic Oscillation index and the close related North
Atlantic Oscillation. Zeppelin as one site in the Arctic is not sufficient to
describe general transport tendencies connected to large oscillation systems
influencing the whole Arctic, and more stations would have to be included
in this investigation. It could be interesting to carry out similar analysis for
Pallas station. The chnage of the position of the Polar front with season and
the connected influence on pollution transport towards Pallas, which can be
located south or north of the Polar front would be interesting to investigate
further.
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Figure 6.0.3: Cluster Ny-Ålesund for 2003-2006
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Figure 6.0.4: Cluster Ny-Ålesund for 2003-2006
Figure 6.0.5: Cluster Pallas for 2003-2006
